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1Abstract
Observations of stars in the solar vicinity show a clear tendency for old stars to
have larger velocity dispersions. This relation is called the age-velocity dispersion
relation (AVR). It is believed that the origin of AVR is gravitational scattering caused
by giant molecular clouds, spiral arms or halo black holes. AVR is closely related
to the history of structure formation within the galactic disk so that interpretation
of AVR helps understanding of disk formation. In order to investigate the origin
of the AVR, we first performed smoothed particle hydrodynamic simulations of the
self-gravitating multiphase gas disks as an isolated system in the static disk-halo
potentials. Unlike the conventional picture, we discovered that the simulated AVR is
not a simple consequence of dynamical heating. The evolution tracks of stars with
different formation epochs are displaced in the age-velocity dispersion plane as a result
of: (1) the decrease in velocity dispersion in star forming regions, and (2) the decrease
in the number of cold/dense/gas as scattering sources. These results suggest that the
AVR involves not only the heating history of a stellar disk, but also the evolution
of the physical state of the interstellar matter from which stars form. We, then,
performed a disk galaxy evolution simulation including gas accretion. In order to
clarify the contribution of gas accretion, we adopted three representative accretion
histories, i.e., rapidly decreasing, gradually decreasing, and flat histories. We found
that the final AVR changes depending on the time scale of gas accretion. The final
AVR tends to become flat if the gas accretion rate is constant, and to become steep
when gas accretion rate decreases rapidly with time. By comparing these results
with the observational results, we discuss the gas accretion history of the Milky Way
Galaxy.
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7Chapter 1
Introduction
Numerous studies have been conducted to investigate the formation history of the
Milky Way Galaxy. One of various approaches is to analyze the stars that constitute
the galaxy. Kinematic information such as the positions and velocities of the stars,
chemical information such as the stellar abundances, and various information such as
individual stellar masses, ages, colors are combined to understand the formation of the
Milky Way Galaxy (Galactic Archeology; Freeman & Bland-Hawthorn (2002); Turon
et al. (2008)). Until now, necessary information for understanding the formation
history of the Milky Way has been obtained from these observations (eg, star formation
history, age metallicity relation, abundance gradient, etc.).
In addition, various observations are actually being done or planned to obtain
further detailed information of stars, for example, GAIA (Perryman et al., 2001)
RAVE (Steinmetz et al., 2006), APOGEE (Majewski et al., 2016), SEGUE (Yanny
et al., 2009), and Gaia-ESO survey (Gilmore et al., 2012).
Theoretical and numerical research for considering the formation history of the
Milky Way based on information from observation is extremely important. Especially
in the galactic evolution, various physical processes act in a complicatedly way. Thus,
simulation can be a powerful research method. In this thesis, we focus on the rela-
tionship between stellar ages and velocity dispersion suggested by observation. We
investigate the origin of this relation by simulation and investigate how the detailed
galaxy formation history influences the resulting relation.
1.1 Age-Velocity dispersion Relation
The observation of the proper motion of the stars near the sun has been attempted
from a long time ago, despite the difficulty of its observation. These observations show
8 Chapter 1. Introduction
that older stars tend to have larger velocity dispersions. The relation between stellar
age and velocity dispersion is called age-velocity dispersion relation (hereafter AVR).
Nevertheless, it is difficult to measure the age of stars. The first major proposal on
AVR was the relationship between stellar spectral type and velocity dispersion. The
time scale in which the star move off the main sequence makes the spectrum type an
indicator of age. For example, early type main sequence stars tend to be younger than
other late type main sequence stars. Strömberg (1946) and Spitzer & Schwarzschild
(1951) classified the stars for which the stellar space velocity was observed into each
spectral type and calculated their velocity dispersion for each type. Their results show
that the stars classified as late type have larger velocity dispersions.
After that, more detailed observations have been carried out along with the devel-
opment of observation instruments. In particular, more detailed data can be obtained
from data observation of Hipparcos satellite. (Nordström et al., 2004; Seabroke &
Gilmore, 2007; Holmberg et al., 2007, 2009; Aumer & Binney, 2009; Just & Jahreiß,
2010; Sharma et al., 2014) further revealed the existence of AVR from many stellar
samples. An example of observed AVR is shown in the figure 1.1.
According to these observations, both the radial and vertical velocity dispersions
(R and z) are well expressed by a power-law form as a functions of stellar age:
 / ; (1.1)
where  represents R,  or z and  is the age of the star. The power-law index,
, is 0:3–0:5 with considerable errors. We summarize the value of  as estimated by
different studies in table 1.1. The index for the vertical direction is slightly larger than
that for the radial direction, although, it is not clear whether this difference is real
or not. z=R  0:5 has also been ascertained by observations (Dehnen & Binney,
1998).
1.2 Proposed Scenarios of AVR
Some secular heating processes and/or time evolution in the disk must have played
crucial roles in establishing the AVR (e.g., (Wielen, 1977; Freeman & Bland-Hawthorn,
2002; Bland-Hawthorn & Gerhard, 2016) for reviews), since the older stars tend to
have larger velocity dispersions. There are a number of scenarios for the origin of
the AVR: heating by giant molecular clouds (GMCs; (Spitzer & Schwarzschild, 1951,
1.2. Proposed Scenarios of AVR 9
Figure 1.1: The velocity dispersion of stars near the Sun as a function of stellar
age, calculated from data of Holmberg et al. (2009). Each panel shows
the radial, azimuthal and vertical velocity dispersion from top to bot-
tom. The dashed lines show fitting results with power-law functions.
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Table 1.1: Comparison of value of  as estimated by different studies.
R  z
N04 1 0:31 0:05 0:34 0:05 0:47 0:05
SG07 2 0:48 0:26
H07 3 0:38 0:38 0:54
H09 4 0:39 0:40 0:53
AB09 5 0:307 0:430 0:445
JJ10 6 0:375
S14 7 0:27 0:02 0:35 0:02 0:43 0:02
1 Nordström et al. (2004)
2 Seabroke & Gilmore (2007)
3 Holmberg et al. (2007)
4 Holmberg et al. (2009)
5 Aumer & Binney (2009)
6 Just & Jahreiß (2010)
7 Sharma et al. (2014)
1953; Kokubo & Ida, 1992)), by transient spiral arms (Carlberg & Sellwood, 1985; De
Simone et al., 2004), by the combination of GMCs and spiral arms (Carlberg, 1987;
Jenkins & Binney, 1990), by halo black holes (Lacey & Ostriker, 1985; Hänninen &
Flynn, 2002), or by minor mergers (Toth & Ostriker, 1992; Walker et al., 1996; Huang
& Carlberg, 1997). Until now, there has been no consensus about the primary source of
the AVR. In table 1.2, we summarize the theoretical predictions of velocity dispersions
in both the radial and vertical directions. All of the above processes are key features
of galaxy formation. Thus, understanding the origin of the AVR is essential in order
to advance our understanding of galaxy formation.
Here, we mainly focus on the contribution of GMCs to the formation of the AVR.
Some previous studies investigated the effect of gravitational scattering by GMCs
on the velocity dispersions of stars. Kokubo & Ida (1992) calculated stellar orbits
under the influence of the gravitational potential of GMCs, and they found that the
evolution of velocity dispersion could be divided into two phases. In the early phase,
the evolution of the velocity dispersion is proportional to exp(), while in the late
phase, it is proportional to 0:25.
Hänninen & Flynn (2002) performed N -body simulations of the stellar disk involv-
ing GMCs modeled by spherical mass distributions of uniform density. They found
that the radial and vertical velocity dispersions are proportional to 0:21 and 0:26, re-
spectively. This is consistent with the prediction from the simplified model of Kokubo
& Ida (1992), but the expected values of velocity dispersions are somehow different
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Table 1.2: Velocity dispersions predicted by the theoretical models. We summarize
the models referring to AVRs and its exponents. Note that, in the case
of minor mergers, only the amount of the increase of velocity dispersions
are shown.
heating source velocity dispersion 
SS53 1 GMC mean / 1=3
KI92 2 GMC R / 0:25, z / 0:25
HF02 3 GMC R / 0:21, z / 0:26
D04 4 spiral arm R / 0:20-0:60
(depending on spiral properties)
JB90 5 GMC & spiral arm R / 0:5, z / 0:3
HF02 3 halo black hole R / 0:50, z / 0:50
W96 6 minor merger incease by   (10; 8; 8) kms 1 at solar radius
HC97 7 minor merger z increase by a few – dozens %
(depending on satellite mass and falling angle)
1 Spitzer & Schwarzschild (1953)
2 Kokubo & Ida (1992)
3 Hänninen & Flynn (2002)
4 De Simone et al. (2004)
5 Jenkins & Binney (1990)
6 Walker et al. (1996)
7 Huang & Carlberg (1997)
from those obtained from observations. Hence, gravitational scattering by GMCs has
not been considered as a primary cause of the AVR.
However, the models used above have significant room for improvement. For
instance, they did not take into account gas dynamics, they did not model GMCs
as realistic structures, and they did not consider star-formation processes. Aumer
et al. (2016b) and Aumer et al. (2016a) performed controlled N -body simulations
of disk galaxies to investigate the disk growth. In these simulations, they study
the contribution of GMCs to the disk growth by using massive N -body particles
which represent GMCs. They found that the efficiency of GMC heating depends on
the fraction of disk mass residing in the GMC. Models that are more realistic are
necessary to conclude whether or not GMC heating is important in the establishment
of the AVR.
1.3 Evaluation of AVR by Recent Numerical Simulations
Recently, some zoom-in cosmological simulations have been used to derive numerical
estimations of the AVRs. Brook et al. (2012) carried out N -body/smoothed particle
hydrodynamics (SPH) simulations with the mass and spatial resolutions of 7300 M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and 155 pc, respectively. They showed that old stars that have larger velocity disper-
sion were born at smaller radii and are kinematically hotter than those born at a later
time. Martig et al. (2014) used adaptive mesh refinement code RAMSES (Teyssier,
2002) and they showed that AVR is not determined by the stellar velocity dispersion
at birth time, but is the result of subsequent heating. Furthermore, House et al.
(2011) investigated the variations of AVR using different modeling techniques. Grand
et al. (2016) used the state-of-the-art simulation code, AREPO (Springel, 2010), for
their zoom-in simulations and reported that they obtained an AVR that is consistent
with the observed AVR. While all studies showed power-law-like AVRs, we note that
their simulations are insufficient to disclose the origin of the AVR because of the lim-
ited numerical resolutions (the force resolution is  100 pc), which is larger than the
thickness of the molecular gas disk (48–160 pc) in the Milky Way galaxy (Nakanishi
& Sofue, 2006). Some models did not directly solve the low temperature (. 100 K)
and high-density regions (& 100 cm 3) that mimic GMCs. In addition, the origin of
the AVR is not thoroughly investigated in these studies.
1.4 Importance of Gas Accretion
Gas accretion is an important ingredient in a discussion of the galaxy evolution. The
idea of gas accretion onto Milky Way galaxy was first proposed by observations of
high velocity clouds (Dieter, 1971; Oort, 1970). This gas accretion was understood
to have effects on star formation and metallicity distribution of our Galaxy (Larson,
1972). In addition, some observational and theoretical studies suggested the necessity
and importance of gas accretion in galaxy evolution.
The star formation rate and the gas mass of galaxies are measured from the ob-
servation. These results indicate that the gas depletion times of star-forming high-z
galaxies are less than 1 Gyr without gas accretion. At lower redshift, the gas depletion
times are longer than that of high-z galaxies, but still typically less than a few Gyrs
(Schiminovich et al., 2010; Bigiel et al., 2011; Kennicutt & Evans, 2012). These results
lead to the need for the gas accretion at early times (Santini et al., 2014; Scoville et al.,
2016). Thus the gas accretion process may be a key to regulating the star formation
history of galaxies.
Another suggestion for the necessity of gas accretion comes from studies focusing
on the metallicity distribution of stars in galaxies. Closed box galaxy evolution models
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show a wider metallicity distribution than observation (G-dwarf problem). The con-
tinuous gas accretion of relatively low metallicity gas is supported by the metallicity
distribution of local long-lived stars (Chiappini, 2009) and planetary nebulae (Magrini
et al., 2007).
1.5 Structure of This Thesis
In chapter 2 and 3, we performed simulations on the Milky Way-like disk galaxy as
an isolated system and considered the origin of AVR in absence of gas accretion. In
Chapter 4, 5, and 6, gas accretion was added, and the effect of the gas accretion
history was investigated. Chapter 7 is a summary of the whole of this thesis.
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Chapter 2
Models and Methods of Isolated
Simulation
In this chapter and next chapter, we find out the origin of the AVR by using high-
resolution N -body/SPH simulations for isolated galaxy models. Instead of doing the
cosmological simulations, we adopt an idealized model in which only gas and stars
formed from cold and dense gas are solved. The halo and (the main body of) the
stellar disk are expressed by static potentials. This approximation allows us to use
high mass and spacial resolutions, such as 6000 M and 10 pc. These studies are
based on Kumamoto et al. (2017).
In this chapter, we describe the initial conditions of our simulations and our nu-
merical methods. Our three dimensional (3D) N -body/SPH simulations conducted in
this study were performed using the ASURA-2 (Saitoh et al., 2008, 2009). We investi-
gated the AVR for stellar particles formed from SPH particles moving within a static
halo and disk potential.
2.1 Galaxy Model
In order to concentrate on the contribution of the clumpy interstellar medium (ISM) to
the stellar velocity dispersion, we solve the evolution of the gas with high resolutions.
For this purpose, we assume that the halo and the main body of the stellar disk are
described by fixed potentials. This modeling is identical to that of Saitoh et al. (2008).
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Dark Matter Halo
We assume that the dark matter halo follows the Navarro-Frenk-White (NFW) profile
(Navarro et al., 1997), which is expressed as
halo(x) =
c
x(1 + x)2
; (2.1)
x =
r
rs
; (2.2)
where c and rs are the characteristic density and the scale radius of this profile,
respectively. We set the model parameters, c and rs, as follows:
c = 4:87 106 M kpc 3; (2.3)
rs = 21:5 kpc: (2.4)
Stellar disk
We use the Miyamoto-Nagai model (Miyamoto & Nagai, 1975)
(R; z) =
Mz2
4

RR2 + (R + 3
p
z2 + z2)(R +
p
z2 + z2)2
[R2 + (R +
p
z2 + z2)2]5=2(z2 + z2)3=2
; (2.5)
as the potential of the stellar disk. Here, M, R, and z are the stellar disk mass,
the scale radius and the scale height, respectively. For these parameters, we use
M = 4 1010 M; (2.6)
R = 3:5 kpc; (2.7)
z = 400 pc: (2.8)
Gaseous disk
Initially, the gaseous disk has a simple radial exponential profile. In the vertical
directions, the gaseous disk has a Gaussian distribution. The scale radius and the
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Figure 2.1: Initial rotational velocity as a function of radius. hvi is the average
azimuthal velocity of initial SPH particles located in each radial bin.
We apply a width of 0:1 kpc to the radial bins.
scale height of the gas distribution are set to 7 kpc and 400 pc, respectively. Figure 2.1
shows the averaged rotation curve of gas particles for the initial conditions calculated
from halo and disk potential. We assume that the total mass of the gas disk is
6 109M. Since we use 1 million SPH particles to express this gas disk, the mass of
each SPH particle is 6000 M. The gravitational softening length is set to 10 pc.
2.2 Methods
We calculate the evolution of star and gas particles in the disk and dark matter halo
potential using our N -body/SPH code, ASURA-2 (Saitoh et al., 2008, 2009). The
numerical technique is almost the same as those used in Saitoh et al. (2008, 2009),
but with slight updates. We now briefly describe our method.
Gravity
The self-gravity among the star and gas particles is calculated by the tree with the
GRAvity PipE (GRAPE) method (Makino, 1991). The opening angle of tree method
is set to 0.5 and only monopole moment is considered. To accelerate the computation,
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we use the Phantom-GRAPE library (Tanikawa et al., 2013), which is a software
emulator of GRAPE.
SPH
The gas dynamics are solved by using SPH (Lucy, 1977; Gingold & Monaghan, 1977;
Monaghan, 1992). We use the cubic-spline kernel function for SPH methods. Thomas
& Couchman’s modification is adopted (Thomas & Couchman, 1992), for the first
space derivative of the kernel. The number of neighboring particles for each SPH
particle is kept within 32  2 in the support radius of the kernel. The shock is
handled with an artificial viscosity term proposed by Monaghan (1997). The viscosity
coefficient is set to 1.0. We also introduce the Balsara limiter in to reduce the unwanted
angular momentum transfer (Balsara, 1995).
Time Integration
We use a second order scheme for conducting the time integration(see appendix A in
(Saitoh & Makino, 2016)). The FAST scheme is used for SPH particles, so that, we
can accelerate the time-integration in supernova (SN)-heated regions by using different
time-steps for gravitational and hydrodynamical interactions (Saitoh & Makino, 2010)
and the time-step limiter so that we can follow the shocked region correctly (Saitoh
& Makino, 2009).
Radiative Cooling
In simulations in this thesis, we adopt the radiative cooling. The radiative cooling of
the gas is solved by assuming an optically thin cooling function, (T; fH2; G0), for a
wide temperature range of 20 K < T < 108 K (Wada et al., 2009). For simplicity, we
fix the molecular hydrogen fraction to fH2 = 0:5, and the far-ultraviolet intensity is
normalized to the solar neighborhood value G0 = 1.
We do not have to use the artificial pressure floor method, which is highlighted in
Saitoh et al. (2006) and Robertson & Kravtsov (2008). The idea to introduce the pres-
sure floor to simulations might come from the numerical experiments shown by Bate
& Burkert (1997). They pointed out for the first time that artificial fragmentation
might occur, if SPH simulations did not have sufficient mass resolution. After this
indication, the pressure floor is introduced, to avoid artificial fragmentations. How-
ever, Hubber et al. (2006) conclude that under the insufficient mass resolution case,
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the growth of gravitational instability is suppressed when the artificial fragmentation
did not take place.
Star Formation and Supernovae Feedback.
We also include the star formation and supernovae (SNe) feedback. Star formation
is modeled in a probabilistic manner following the Schmidt law (e.g., Katz (1992);
Saitoh et al. (2008)). An SPH particle which satisfies the following three conditions;
(1) nH > 100 cm 3,
(2) T < 100 K,
(3) r  v < 0,
spawns a star particle. The mass distribution of star particle is given by Salpeter initial
mass function (Salpeter, 1955) within the mass range of 0:1 M < m? < 100 M. As
an early stellar feedback, the HII-region feedback using a Stromgren volume approach
(Baba et al., 2017) is employed.
The energy feedback from type II SNe is implemented. Each SN releases 1051 erg,
and this energy is injected into the surrounding ISM. We adopt the probabilistic
manner of Okamoto et al. (2008) to evaluate the injection time.
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Chapter 3
Imprints of AVR in Isolated
Simulation
In this chapter, we present the evolution of the simulated galactic disk and AVRs in
our simulation. Heating rates are also discussed in this chapter.
3.1 Results of Isolated Simulation
We analyze the AVR in the simulations and investigate its evolution in this section.
We then discuss the origins of AVR evolution in next section.
We first explain the global evolution of our galaxy, before showing the AVR and
discussing its origin. Figure 3.1 shows the evolution of our simulated galaxy. The
upper and lower panels in this figure show overviews and close-up views of the gas
density distribution on the galactic plane (z = 0). We can see rich inhomogeneous
structures of the ISM. Especially in the close-up view this structure can be seen
remarkably. These structures are well-represented thanks to our modeling with high
resolution (Saitoh et al., 2008). From t = 1 – 3 Gyr, the contrast of the gas density
decreases because of the gas consumption due to star formation. This implies that
the primary source of heating the disk stars decreases with increasing time in our
simulation. We discuss the relation between the contrast of the gas density and
heating rate in §3.2.2.
The high-density regions exceed the star formation threshold density (i.e. nH >
100 cm 3). Therefore, stars are formed in these high-density regions when the other
two star-formation conditions are satisfied. The evolution of stellar surface den-
sity of disk is shown in figure 3.2. The stellar surface density distribution maps
show no strong spiral arms developed by stellar dynamical mechanisms such as the
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Figure 3.1: The gas density on the galactic plane (z = 0) at t = 1, 2, and
3 Gyr. The upper panels show a region of  12 kpc < x < 12 kpc
and  12 kpc < y < 12 kpc. The lower panels display the close
up view of a part of the disk region of 0:6 kpc < x < 5:4 kpc and
0:6 kpc < y < 5:4 kpc.
swing-amplification (Toomre, 1981) and non-linear interactions between wakelets (Ku-
mamoto & Noguchi, 2016). As the skeletal structure of the disk is constructed of the
smoothed and axisymmetric Miyamoto-Nagai potential, it is difficult to enhance the
spiral arms and a bar in this model; thus, it has a flocculent structure.
Figure 3.3 shows the star-formation rate as a function of simulation time. We
can see two characterized phases: the initial rapidly increasing phase (t < 100 Myr),
and the succeeding exponentially decreasing phase. The exponentially decreasing
time-scale of the star-formation rate is  1 Gyr. This time scale is shorter than
estimation from the galactic chemical evolution (Larson, 1972; Yoshii et al., 1996), as
our simulation does not consider the secular evolution due to gas accretion from the
halo. This is also the reason why we stop our simulation at t = 3 Gyr, before the gas
is exhausted. A model incorporating gas accretion will be performed in chapter 4, 5,
and 6.
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Figure 3.2: The stellar surface density at t = 1, 2, and 3 Gyr. For the stellar
surface density, we use the sum of stellar particles formed from the
gas particles and static surface density calculated by the Miyamoto-
Nagai model (Miyamoto & Nagai, 1975).
Figure 3.3: Star-formation rate as a function of time.
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3.1.1 AVR
Figure 3.4 shows the radial, azimuthal, vertical and total AVRs in our simulated
galaxy at t = 2 Gyr. Only star particles formed from gas in our simulation are
used in this AVR calculation. The red dots show the results when only stars whose
galactocentric distance R was between 8 kpc and 9 kpc were used whereas the blue
triangles represent the case where all regions were included. The velocity dispersions
as a function of stellar age,  , are calculated by using the following equations:
R() =
hv2Ril<<h   hvRi2l<<h1=2 ; (3.1)
() =

(v   v(R))2il<<h   hv   v(R)i2l<<h
1=2
; (3.2)
z() =
hv2zil<<h   hvzi2l<<h1=2 ; (3.3)
tot() =

R()
2 + ()
2 + z()
2
1=2
; (3.4)
where l and h are the two edges of the age bin. hv2Ril<<h means the average of
stellar v2R whose age is between l and h. We apply the width of age bins in such
a way that every bin has equal numbers of stars (2000 stars in each bin). For the
distributions of velocity dispersions, the sampling range effect is insignificant.
The solid lines in figure 3.4 represent the fitting results with a power-law function
for stellar particles found between R = 8 kpc and 9 kpc. Here, we adopt stars older
than 0:5 Gyr. The functional forms of the fitted age-radial, azimuthal, vertical, and
total velocity dispersion relations are
R = 19:4


1 Gyr
0:37
km s 1; (3.5)
 = 13:4


1 Gyr
0:33
km s 1; (3.6)
z = 7:36


1 Gyr
0:59
km s 1; (3.7)
tot = 25:0


1 Gyr
0:36
km s 1: (3.8)
The exponents of the radial, azimuthal, vertical, and total AVR and the ratio of the
radial to vertical velocity dispersion are close to the observed values (see §1). The
3.1. Results of Isolated Simulation 25
Figure 3.4: Radial (top left), vertical (top right), azimuthal (bottom left) and total
(bottom right) AVRs in our simulated galaxy at t = 2 Gyr. The red
dots indicate the AVR calculated with stellar particles found between
8 kpc and 9 kpc from the galactic center. The solid lines are the fitting
results with a power-law function for the stellar particles in this region.
For this procedure, we use only star particles older than 0:5 Gyr (on
the right side of the dashed line). The blue triangles indicate the AVR
calculated with all stellar particles.
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radial to vertical velocity dispersion ratio becomes
z
R
= 0:38


1 Gyr
0:22
: (3.9)
Observationally, the age dependence on this relation is not found. This weak de-
pendence on  in our simulated AVR again favors observations (Dehnen & Binney,
1998).
The blue triangles in figure 3.4 show the AVR calculated with all stellar samples.
Here, we reapply the width of age bins in such a way that each bin has 10000 stars.
Radial and vertical AVRs are similar to the local AVRs shown by the red points despite
the difference in the samples. It means that radial and vertical velocity dispersions
are roughly constant throughout the disk region in this case.
On the other hand, azimuthal velocity dispersion with all stellar samples is larger
than those with local stellar samples (8 kpc < R < 9 kpc). That is because the
azimuthal velocity dispersion is determined by the epicycle approximation (Binney &
Tremaine, 2008),
2
2R
=
2
4
2
; (3.10)
where  and 
 are epicycle frequency and angular velocity, respectively. The ratio
of  and 
 changes depending on the galactocentric radius. Figure 3.5 shows 2=
2
R
and 2=
2 as a function of radius. There is a good agreement between 2=
2
R and
2=
2. This agreement means that stellar motion is well described with the epicycle
approximation. We see that 2=
2
R  0:5 in the outer region (R > 8 kpc) where
the rotational velocity becomes almost flat (as shown in figure 2.1), and this is also
consistent with the prediction of the epicycle approximation. In the inner region
(R < 8 kpc), however, the rotational velocity is an increasing function of R, and then
2=
2
R are larger than those in the outer region. Here, R does not depend on radius
as mentioned in the above paragraph, so that,  becomes a decreasing function of
radius according to the epicycle approximation. Therefore, azimuthal AVR with all
stellar samples deviates upward from that with local stars between 8 kpc and 9 kpc
as shown in figure 3.4.
Hereafter, we discuss the radial and vertical AVR with all stellar particles in the
galactic disk to ensure sufficient samples and simplification. In our simulated galaxies,
strong spiral arms do not develop, although they can become heating source of radial
velocity dispersion (Carlberg, 1987; Jenkins & Binney, 1990). Interestingly, we can
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Figure 3.5: 2=
2
R (red triangles) and 
2=4
2 (blue dots) as a function of the
galactocentric radius at t = 2 Gyr. These two parameters are equal
when epicycle approximation is satisfied.
successfully reproduce the observed exponents of not only the vertical AVR, but also
the radial one, without strong spiral arms.
Figure 3.6 shows the AVRs at the three different times, t = 1, 2, and 3 Gyr. Note
that the simulated AVRs of the three epochs do not overlap. It is clear that the shape
of AVR evolves with time. Both the initial velocity dispersions and heating efficiency
evolve. This is inconsistent with the conventional interpretation of the AVR that AVR
is the evolution track of stars on the age–velocity dispersion plane.
Figure 3.7 show the evolutionary tracks on the age–velocity dispersion planes for
26 stellar groups whose formation time is different from each other. Each group has
a different initial velocity dispersion and heating rate. The slope of each evolution
sequence is less steep than the observed AVR. However, when we pick up values, for
instance, at t = 2 Gyr for all evolution sequences (black triangles in figure 3.7), we
obtain AVRs that are consistent with those obtained from observations. This reveals
that AVRs are inconsistent with the evolution tracks of stars on the age-velocity
dispersion plane.
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Figure 3.6: Evolution tracks of stellar age-velocity dispersions with different sam-
ples whose birth epoch is t = 1, 2, and 3 Gyr. Different symbols
represent different groups.
Figure 3.7: Dots show the time evolution of stellar velocity dispersion. The left
and right panels show the radial and vertical velocity dispersion, re-
spectively. Each color indicates a different birth time. The black
triangles show the AVR at t = 2 Gyr.
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3.2 Imprints of Simulated AVR
We found that the AVR is not just a simple evolutionary track of stars on the age–
velocity dispersion plane in the previous section. In this section, we investigate two
important factors that affect the evolutionary track of stars on the age–velocity dis-
persion plane: the initial velocity dispersion (i.e. velocity dispersion at the birth time
of stars) and the heating rate as a function of age. The evolution of the initial velocity
dispersion is discussed in §3.2.1, while that of the heating rate is discussed in §3.2.2
3.2.1 Zero-Age Velocity Dispersion
First, we discuss the stellar velocity dispersion at the birth time of stars. We call this
the “zero-age velocity dispersion” (hereafter, ZAVD). As shown in figure 3.7, the ZAVD
decreases with time. This is one of the key reasons for the inconsistency between the
AVR and the evolution tracks.
The ZAVD is strongly related to the velocity dispersion of the star-forming gas
because it inherits the velocity dispersion of mother gas clouds. Figure 3.8 shows the
radial and vertical velocity dispersions of gas that satisfy the star-formation criteria as
a function of time. We can see that both velocity dispersions monotonically decrease
with time and they can be fitted by a power-law function of t. However, their power-
law indices are different; the index of the ZAVD for the vertical direction is about twice
as steep as that for the radial direction. Gravitational interactions, radiative cooling,
star formation and feedback play crucial roles in determining the ISM structure, and
these effects depend on the mass of the gas in the disk. Therefore, it is natural that
the status of the ISM is related to the origin of the AVR. In other words, the AVR
involves the historical evolution of the ISM in a galaxy.
3.2.2 Dynamical Heating Rate
Here, we investigate the evolution of the dynamical heating rate (i.e. d=dt). Once
these two factors (another factor is ZAVD) are understood, we can use them to predict
the entire evolution of the AVR. Figure 3.9 shows the evolutions of vertical velocity
dispersions, z, as a function of simulation time for each stellar group. Each sequence
is characterized by two evolution phases: the rapidly increasing phase in the early
stage and the asymptotically flattening phase in the late stage. Later time formation
and/or higher velocity dispersion cause the heating rate to be lower.
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Figure 3.8: Velocity dispersion of gas that satisfies the star formation criteria as
a function of time. Both the radial and vertical velocity dispersions
are shown. Blue dots represent the radial-velocity dispersions, while
red dots indicate the vertical-velocity dispersions. The lines are the
results of the least square fitting with power-law functions.
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Figure 3.9: Vertical velocity dispersion as a function of time. Twenty-one groups
have been selected. Each sequence represents the evolution of each
group. Solid curves are results of the fitting (see equation (3.13)).
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Figure 3.10: Heating rates as a function of z (left) and as a function of time
t. Four representative epochs (t = 1:0, 1:5, 2:0 and 2:5 Gyr) and
four representative values of z (z = 5:0, 6:0, 7:0 and 8:0 km s 1)
are employed. The solid lines represent the results of fitting with
power-law functions.
Figure 3.10 shows the vertical heating rate (dz=dt) as a function of t and z.
We chose four representative epochs and z. Solid lines are the fitting result with
power-law functions of z and t. We can see that the heating rate obtained by our
simulation is well fitted by power-law functions.
Using the fitting results shown in figure 3.10, we can describe the heating rate as
a function of t and z:
dz
dt
/ t  z : (3.11)
We apply this equation to sequences in figure 3.9 to obtain the concrete values of 
and . With these values, we have
dz
dt
/ t 1:3 1:5z : (3.12)
By integrating this equation, we finally have
z = 11:8
"
A 

t
1 Gyr
 0:33#0:40
km s 1; (3.13)
where A is a constant of integration. The different sequences found in figure 3.9 can
be expressed by choosing a different values of A.
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Figure 3.11: Time evolution of gas mass that is much denser than the star for-
mation threshold density. The solid line indicates the result of the
fitting by a power-law function and its exponent is  1:24.
In figure 3.1, the dense gas (nH > 100 cm 3) has clumpy structures, and is ex-
pected to play the role of a heating source. This clumpy and dense gas is decreasing
with simulation time. We suspect that the decreasing heating rate with increasing
simulation time may result from the decrease in the dense gas. Hence, we show the
time evolution of the dense gas mass Mdens in figure 3.11. Here, we define the gas
above the star formation threshold as the dense gas. We see that the mass of the dense
gas monotonically decreases and it can be fitted by a simple power-law function with
the power-law index of  1:24. Interestingly, the power-law index is consistent with
that for the time dependence in equation (3.12). This implies that the time evolution
of the heating rate in our simulation is controlled by the total mass of the dense gas.
Our result accomodates the result obtained in the previous study where the con-
tribution of gas is unchanged with time (Spitzer & Schwarzschild, 1951, 1953; Kokubo
& Ida, 1992; Hänninen & Flynn, 2002). Consider the case in which the dense gas
mass does not evolve; this can be described by letting  = 0 in equation (3.11), and
then we obtain
z / (A  t)1=(+1) : (3.14)
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Figure 3.12: Radial and vertical AVR of two simulations. Blue and red points
show the AVR of Models A and B, respectively.
This is consistent with the time evolution of velocity dispersion shown by a previous
work (e.g. Hänninen & Flynn, 2002), where the models treated the GMCs as a time-
independent potential.
3.3 Discussion and Summary for AVR in Isolated Model
Our simulation shows that the AVR does not represent the evolution track of stars on
the age–velocity dispersion plane. This result means that the AVR can be reproduced
even if the heating rate is smaller than the slope of the AVR. The time evolution of
the stellar velocity dispersion depends upon the combination of the initial velocity
dispersion and the heating rate. In particular, the AVR is strongly affected by the
evolution of the ZAVD.
The importance of the ZAVD was pointed out by Wielen (1977); however they
did not attempt to elucidate the details because of the complicated nature of gas
dynamics. Recent numerical simulations of galaxy formation also demonstrate that
the ZAVD has a crucial role in the establishment of the AVR (Bird et al., 2013; Grand
et al., 2016). The observations of turbulent gas disk at high redshift (Förster Schreiber
et al., 2009) support the presence of the evolution of ZAVD.
The other key process for establishing the AVR is the secular heating due to dense
gas. This is consistent with Aumer et al. (2016a), who shows that the evolution of
heating efficiency shapes an AVR. Our simulation can successfully derive the contri-
bution of this process. We point out that the sufficient spatial resolution and realistic
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Figure 3.13: Same as Figure 3.7, but about a Model B whose gravitational soften-
ing length and star formation density threshold are 100pc and 1cm 3
respectively.
Table 3.1: Parameters of simulation models.
Models  1[pc] nth 2[cm 3] Nini 3
Model A 10 100 106
Model B 100 1 106
1 Softening length
2 Star formation density threshold
3 Initial particles
star-formation thresholds are crucial to describe the evolution of the AVR via dense
gas correctly.
Figure 3.12 shows the radial and vertical AVRs of two simulations: one is obtained
by our simulations with the fiducial parameters (Model A) and the other employs
the larger gravitational softening length (100 pc) and lower star-formation thresholds
(1 cm 3) that are widely used in cosmological simulations of galaxy formation (Model
B). Table 3.1 shows parameters of the two models. It is apparent that the AVRs
with the low thresholds are quite different from those obtained by our fiducial model;
for instance, the ZAVDs for both radial and vertical directions are different. The
low threshold density for star formation decreases the radial ZAVD while it increases
the vertical ZAVD. The former is due to the lack of high-density structures, and the
latter is due to the relatively thick star-forming region in the gas disk (see Saitoh et al.
(2008)). Interestingly, the heating rate in the radial direction is almost identical to
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that of the reference simulation while that in the vertical direction is quite different
from that of the reference simulation. The reason for the discrepancy in the vertical
direction is the larger ZAVD.
Figure 3.13 shows the evolution tracks of different groups for the low-resolution
model. In particular, the evolution tracks for the vertical direction are quite different
from those in the reference model (see figure 3.7). The adoption of correct star-
formation thresholds, which are enabled by high mass resolution, is critical to any
meaningful discussion of the formation and evolution of the AVR.
So far, we have worked with a very simplified model; for instance, there is no gas
accretion, and the fixed halo and stellar potentials are used. We need to improve our
model and make it more realistic so that we can discuss the long-time evolution of
the AVR in more detail and can measure the contribution of spiral arms and the bar.
The contribution of the spiral arms to the AVR may turn out to be limited. Previous
studies have suggested that transient, recurrent (so-called ‘dynamic’) spiral arms lead
to radial migration and it does not increase the radial velocity dispersion significantly
(Sellwood & Binney, 2002; Grand et al., 2012b,a; Roškar et al., 2012; Baba et al.,
2013; Aumer et al., 2017).
As a next step, we will study the effects of gas accretion in our model. By investi-
gating the relation between the accretion history and the evloution of AVR, it might
be possible to impose constraints on the Milky Way-like galaxy formation.
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Models and Methods of Galaxy
Simulation with Gas Accretion
Many studies show the necessity of the gas accretion from intergalactic space to the
galaxy (section 1.4). This gas accretion is the important source of the galaxy’s gas
supply. Various effects are caused by gas supply: for example, star formation may be
continued for a longer time, gas supply makes gas rich galactic disks and such galaxies
tend to make many clumpy gas structures, and, the accreted gas from intergalactic
space affects the time scale of galactic metallicity evolution.
Our results in chapter 3 show that the physical state of the past gas may influences
the currently observed AVR. Therefore, it is expected that gas accretion history is
related to today’s AVR. For example, in the galaxies subject to rich gas accretion,
star formation activity and clumpiness structure may make a turbulent gas disk. The
stars born in the turbulent gas disk will have a large velocity dispersion. On the other
hand, under poor gas accretion, forming galaxies will have a weaker star formation
rate, and gaseous velocity dispersion may stay low.
In fact, the observational studies of AVRs of M31 (Dorman et al., 2015) and the
local groups galaxies (Leaman et al., 2017), indicate that the slope of AVR and the
magnitude of the velocity dispersion are various in differnt galaxies. We will verify
whether the difference in gas accretion history can cause these differences. Here, in
order to investigate the effect of the difference in gas accretion history, three different
gas accretion histories are assumed, and the results of three simulations are compared.
Then, we discuss about the gas accretion history of the Milky Way Galaxy.
38 Chapter 4. Models and Methods of Galaxy Simulation with Gas Accretion
4.1 Models
First, we describe our galactic disk model growing by gas accretion. We adopt the
theoretical framework of Naab & Ostriker (2006) to gas accretion model.
We simulated three models (Model I, II and III) with very different time evolution
histories of gas accretion rates in order to investigate the effect of the difference in gas
accretion history. By calculating and comparing AVR for each model, we will discuss
the relation between gas accretion history and AVR. We consider the situation where
the disk mass grows from Mstart to Mend over tend in all models. In Model I, constant
gas accretion is applied to increase the mass of the galactic disk. For Model II, we
consider a model in which the gas accretion rate decreases with time. In Model III,
we accrete all of the gas in the first half period and make a model to grow without
gas supply afterward.
By defining
h _Mini = Mend  Mstart
tend
; (4.1)
ft =
t
tend
; (4.2)
the time evolution of the gas accretion rate dMdisk(t)=dt of each model and the mass
of the galactic disk dMdisk(t) is expressed by the following equation.
Model I
dMdisk
dt
(t) = h _Min; i (4.3)
Mdisk(t) = h _Minit+Mstart: (4.4)
Model II
dMdisk
dt
(t) = 2(1  ft(t))h _Min; i (4.5)
Mdisk(t) = (2  ft(t))h _Minit+Mstart: (4.6)
Model III
dMdisk
dt
(t) =
8<: 4(1  2ft(t))h _Mini (ft  0:5);0 (ft > 0:5); (4.7)
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Figure 4.1: The time evolution of the gas accretion rate for our three models. Red,
green and blue solid line shows that of Model I, II and III.
Mdisk(t) =
8<: 4(1  ft(t))h _Minit+Mstart (ft  0:5);Mend (ft > 0:5): (4.8)
Figure 4.1 and 4.2 show the time evolution of the gas accretion rate and the mass
of the galactic disk for three models. Red, green and blue solid curves show those of
Model I, II and III. Here, the free parameters, Mstart, Mend and tend, are defined as
follows:
Mstart = 0:5 1010M; (4.9)
Mend = 5 1010M; (4.10)
tend = 10 Gyr: (4.11)
These parameters ensure that the model galaxy becomes the current Milky Way
Galaxy size in the final state, growing from 10 Gyr ago. Before the lookback time 10
Gyr, the galaxy may be experiencing active merger activity (Unavane et al., 1996).
In addition, gas accretion may occur by the mechanism of cold stream (Dekel et al.,
2009). For these reasons, we adopt the lookback time of 10 Gyr as the starting epoch
of our simulations.
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Figure 4.2: The time evolution of the disk mass for our three models. Red, green
and blue solid line shows the that of Model I, II and III.
We use the exponential disk profile
(R; t) = 0 exp

  R
Rd(t)

; (4.12)
as a galactic disk model. Here, (R; t), 0, and Rd(t) are surface density profile,
central surface density, and scale radius of galactic disk, respectively. We assume that
disk scale radius evolves with the disk mass as follow:
Rd(t) =
s
Mdisk(t)
20
: (4.13)
The adopted disk evolution scheme means inside out growth.
In our Model, the scale radius is normalized to be the current value for Milky Way,
namely 3 kpc, at t = tend. Under this assumption, the central surface density and
scale radius are expressed by the following equations:
0 =
Mdisk(tend)
2R2d(tend)
; (4.14)
Rd(t) = 3
s
Mdisk(t)
Mdisk(tend)
kpc: (4.15)
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Figure 4.3: The time evolution of the scale radius for our three models. Red, green
and blue solid line shows the that of Model I, II and III.
Figure 4.3 shows the time evolution of scale radius for three models.
Under this specification, the radial profile of gas accretion rate at simulation time
t is given by
acc(R; t) =
(R; t)  (R; t  dt)
dt
: (4.16)
The time evolution of this profile for Model I, II, and III, are shown in figure 4.4, 4.5,
and 4.6, respectively. The radial profile shown in figure 4.4, 4.5, and 4.6 are obtained
by setting dt to the value of the time step.
4.2 Methods
4.2.1 Gas Accretion Method
Figure 4.7 shows the accretion method in our simulation. We set the galactic disk on
the z = 0 plane, and SPH particles are accreted from both sides of galactic disk. We
put SPH particle at z = 5 kpc so that the radial profile of new accreted gas particle
is given by equation (4.16).
The rotational velocity of the newly distributed SPH particles is calculated from
gravitational potential of disk and dark matter halo at the time the SPH particles
42 Chapter 4. Models and Methods of Galaxy Simulation with Gas Accretion
Figure 4.4: The time evolution of the radial profile of gas accretion rate for Model
I. Each line shows the radial profile for t = 0, 2, 4, 6, 8, and, 10 Gyr.
Figure 4.5: Same as figure 4.4, but for Model II.
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Figure 4.6: Same as figure 4.4, but for Model III.
Figure 4.7: Image of our accretion method. We set the galactic disk on the z = 0
plane, and SPH particles are accreted from the z = 5 kpc planes.
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reach the disk plane. This velocity vinfall is given by
v2c;infall(R; t) = R
@ (disk(R; t) + halo(R))
@R
: (4.17)
Here, disk and halo(R) are gravitational potential of disk and dark matter halo,
respectively. In this case, the same fixed halo is assumed as that in the no-accretion
models described by equation (2.1) – (2.4). No fixed stellar disk is included. The
disk component grows by gas accretion here. To calculate the gravity of the galactic
disk we use, as an approximation, the analytical equation given in the case where the
galactic disk is infinitely thin;
R
@disk(R; t)
@R
= 40Rd(t)y
2(t) [I0(y)K0(y)  I1(y)K1(y)] ; (4.18)
y(t)  R
Rd(t)
: (4.19)
Here, I0, K0, I1, and K1 are modified Bessel functions;
I(z) = i
 J(iz) (4.20)
=
1X
k=0
1
k!( + k)!
z
2
+2k
; (4.21)
K(z) =

2
I (z)  I(z)
sin 
; (4.22)
where, J is a first Bessel function;
J(z) =
1X
k=0
( 1)k
k!( + k)!
z
2
+2k
: (4.23)
The temperature of distributed SPH particles are set to 104 K.
4.2.2 Resolution
The mass of each particle is set to 4 104 M. The initial disk mass is 0:5 1010M
as shown in the equation (4.9). Hence, we use 125000 particles to express initial stellar
disk. We also set the mass of accreted each SPH particle to 4  104 M. We divide
the gas mass to be accreted at each time step by particle mass to get the number of
SPH particles to be accreted. The excess mass is added to the gas mass to be accreted
in the next step. The gravitational softening length is set to 30 pc.
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Effects of Gas Accretion on AVR
5.1 Confirmation of Gas Accretion Model
First, we analyze the disk evolution in our simulation and check whether gas accretion
is correctly implemented. Figure 5.1, 5.2 and 5.3 show the time evolution of the surface
density profile of galactic disk and the disk mass for Model I, II and III.
In the top panel of figure 5.1, 5.2 and 5.3, each color line shows the radial surface
density profile of the galactic disk at t = 0, 2, 4, 6, 8, and, 10 Gyr. The correspondence
of between the line color and the time is shown by the color bar. In all three models,
the radial profiles have grown in-side-out as we expected. In the Model I (see figure
5.1) in which the gas slowly accrets, it can be confirmed that the surface density
distribution also grows slowly. In contrast, in Model III (see figure 5.3), where the
gas quickly deposits, the surface density sharply increases in the initial stage of the
simulation and does not change significantly in the latter half.
In the model, the infalling gas starts from the specified radius R in the planes
5kpc above and below the disk plane (figure 4.7). However, it reaches to a slightly
different radius on the disk plane because infall is not strictly “cylindrical". Moreover,
it is expected that, after reaching to the disk, the particles move to different radii due
to gravitational scattering and feedback by supernova explosion in our simulation.
Also, in the vicinity of the center of the disk, the radial distribution will change due
to bulge and bar formation. Actually, the density of the center part of the Model I
and III sharply increases with time. This increase is thought to be due to bulge and
bar formation. The time evolution of the snapshot from face on view of each model
is shown in the figure A.1 to A.9 in the appendix A. From these figures, it can be
confirmed that a bulge is formed.
In the bottom panels of figure 5.1, 5.2 and 5.3, the solid black line shows the time
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Figure 5.1: The time evolution of the surface density profile of galactic disk and
disk mass for Model I. Top panel: Each color line shows the radial
surface density profile of the galactic disk at t = 0, 2, 4, 6, 8, and,
10 Gyr. Bottom panel: The solid black line shows the time evolution
of the disc mass. The red dashed line and the blue dot-dashed line
show the mass of the star and the gas in the disk, respectively. The
purple dotted line shows the ratio of the gas mass to the disk total
mass fgas at each time.
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Figure 5.2: Same as figure 5.1, but for Model II.
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Figure 5.3: Same as figure 5.1, but for Model III.
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evolution of the disc mass. The red dashed line and the blue dot-dashed line show
the mass of the star and the gas in the disk, respectively, whereas the purple dotted
line shows the ratio of the gas mass to the disk total mass (the scale is given on the
right axis of the panel). In every model, especially Model III, the final disc mass
has become smaller than the initially specified Mend. This is due to gas outflowing
from the disk induced by feedback by the supernova explosion. Such gas is not able
to return to the disk until the end of simulation. The reason why this tendency is
the most remarkable in Model III is that a large amount of gas is accreted at the
beginning of the simulation, and active star formation causes a strong outflow. In
the early stage of simulation the disc mass is small so that the gas that has received
feedback is easily ejected out of the disc surface. The star formation history of each
model is analyzed in the next subsection.
As described above, since the nonlinear physical process is included in the simu-
lation, the evolution of disk (figure 5.1, 5.2 and 5.3) could be different from the one
we intended when setting up the initial condition (equation 4.4, 4.6 and 4.8). Despite
this incompleteness, we can see that the different behavior we expect for the three
models is essentially realized in the simulation. In the next subsection, we focus on
the AVR and the physical state of the disk, and perform more detailed analysis.
5.2 AVR and Disk Condition
5.2.1 AVR
We analyze the time evolution of AVR for Model I, II and III in our simulations. In
figure 5.4, 5.5 and 5.6, each line shows the radial and vertical AVR of the stars whose
galactocentric distance R was in the range 8 kpc < R < 9 kpc at t = 4, 6, 8, and,
10 Gyr. The correspondence between the line color and the time is shown by the color
bar at the top of the figure.
In Model II and III (see figure 5.5 and 5.6), we see that the AVR drifts from the
left to the right the time, in a similar way to that in the non-accretion models (figure
3.6). On the other hand, in Model I (see figure 5.4), we can see that AVRs at different
times have almost identical slopes and nearly overlap. Comparing the AVR in the final
state (Purple line in each figure), Model I has the most gentle slope whereas Model
III has the steepest one. It is revealed that AVR varies depending on the history of
gas accretion as expected from isolated system simulation.
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Figure 5.4: The time evolution of radial (left panel) and vertical (right panel)
AVR for Model I. Each color line shows the AVR of the stars whose
galactocentric distance R was in the between 8 kpc and 9 kpc at t = 4,
6, 8, and, 10 Gyr.
Figure 5.5: Same as figure 5.4, but for Model II.
5.2. AVR and Disk Condition 51
Figure 5.6: Same as figure 5.4, but for Model III.
In chapter 3, we showed that AVR encodes the history of physical condition of
disk. In order to understand the origin of diverse AVR in the three models based on
the result obtained for the isolated no-accretion models, , we analyze the state of the
galactic disk.
5.2.2 Star Formation History and Star Forming Gas Mass
Figure 5.7, 5.8 and 5.9 show the star formation history of our three models. The
upper panel of each figure shows the star formation rate for the entire galactic disk.
On the other hand, the local star formation rate shown in the lower panel is the star
formation rate surface density in the ring region from 8 kpc to 9 kpc, corresponding
to the solar circle. We plot the star formation rate averaged over 1 Gyr.
In Model I, it is found that the almost constant global star formation rate is
maintained over the whole simulation time. It can be seen that the star formation
rate attains maximum between t = 1 Gyr and t = 2 Gyr in the Model II and the Model
III and then decreases with time. Global star formation rate is generally determined
by surface density of gas (Kennicutt, 1998). In this simulation, gas is supplied by
accretion, so that the time evolution of star formation rate depends strongly on the
gas accretion rate. There is a time lag between the gas accretion and star formation
but the star formation history of each model behaves similarly to the gas accretion
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Figure 5.7: The star formation history of Model I. Top panel: The star formation
rate of the entire galactic disk. Bottom panel: The star formation rate
surface density in the ring region between 8 kpc and 9 kpc.
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Figure 5.8: Same as figure 5.7, but for Model II.
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Figure 5.9: Same as figure 5.7, but for Model III.
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Figure 5.10: The time evolution of the mass of the gas located between 8 kpc and
9 kpc and satisfying the star formation conditions for Model I.
rate shown in figure 4.1. Approximate equality of the gas accretion rate and the star
formation rate is also consistent with the result that the gas mass change is relatively
small as depicted in figure 5.1 to 5.3.
The bottom panels of figure 5.7, 5.8 and 5.9 show the time evolution of the star
formation surface density averaged over the ring region between the galactocentric
radius 8 kpc and 9 kpc. In order to discuss the AVR in the vicinity of the Sun, we
will attention to this ring region hereafter.
In the simulation, stars are formed from dense, low temperature gases. The figure
5.10, 5.11 and 5.12 shows the time evolution of the mass of the gas located between
8 kpc and 9 kpc and satisfying the star formation conditions. Naturally, it can be
confirmed that the time evolution of the mass of such star forming gas is in good
agreement with the time evolution of the local star formation rate. As mentioned for
the isolated system simulation, such gas corresponds to object like GMC and plays a
role as a scattering source to increase stellar velocity dispersion.
5.2.3 Velocity Dispersion of Star Forming Gas
Next, we analyze the velocity dispersion of the star forming gas which directly influ-
ences the velocity dispersion of newly born stars. Figures 5.13, 5.14 and 5.15 show
the velocity dispersion of the gas satisfying the star formation condition. Here the
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Figure 5.11: Same as figure 5.10, but for Model II.
Figure 5.12: Same as figure 5.10, but for Model III.
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Figure 5.13: The velocity dispersion of the gas located between 8 kpc and 9 kpc
and satisfying the star formation conditions for Model I. The red
square points and the blue triangle points indicate velocity dispersion
in the radial and the vertical direction, respectively.
velocity dispersion was calculated using only gases present in the ring region between
8 kpc and 9 kpc. The red square points and the blue triangle points indicate velocity
dispersion in the radial and the vertical direction, respectively. The radial and vertical
velocity dispersion have different values, but their time dependence is similar. It is
thought that the time variation of these velocity dispersions reflects the amount of
star forming gas which becomes ravitational scattering source. Actually, in Model I,
the radial and vertical velocity dispersions have a certain constant value except in the
early epoch, which is the same behavior as that of the star formation rate and the
mass of the star forming gas. In the same way, the Model II and III show the same
behavior of velocity dispersions as that of the star formation rate and the mass of the
star forming gas.
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Figure 5.14: Same as figure 5.13, but for Model II.
Figure 5.15: Same as figure 5.13, but for Model III.
59
Chapter 6
Discussion
6.1 AVR and Gas Accretion History
We simulated a disk growth with different gas accretion histories. The history of star
formation in the galactic disk and the physical state of the gas were were found to be
different in the three simulated models, and various AVR was reproduced. Here, we
will interpret the results and discuss the relationship between AVR and gas accretion
history.
In the Model I, the galaxy was supplied with gas with a constant gas accretion rate.
Because of constant gas accretion, the star formation rate over the entire galactic disk
showed a constancy over time. Focusing on the behavior of the local star formation
rate in the solar radius, the star formation activity was kept almost unchanged until
tend. As a result, the velocity dispersion and the mass of the star forming gas became
relatively constant with time compared with other models. Due to these factors,
the velocity dispersion of the newly born star stays roughly constant throughout the
simulation time, and the heating rate of stars is also almost constant. In the age–
velocity dispersion space, stars are born at the same place and evolve along the same
path. This leads to the overlapping of AVRs shown in the figure 5.4.
In Model III, AVR showed a tendency different from that of Model I. The gas
accretion rate of Model III rapidly decreases and the gas accretion is truncated in the
latter half. This model showed very similar results to the isolated system simulation.
Star formation rate in the galactic disk gradually decreases after gas accretion is
truncated. As a result, the amount of the high density gas clumps which become
the scattering sources for stellar motion decreases with time. Due to this scattering
source shotage, the velocity dispersion of the star forming gas and newly born stars
decreases with time. Therefore, in the low age part of AVR, the velocity dispersion
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decreases with time, and the gradient of AVR becomes steeper as shown in the figure
5.6.
Gas accretion rate of Model II decreases with time, but it is not a sharp decrease
like in Model III. As a result, the history of star formation and the physical state of
gas has intermediate characteristics between Model I and Model III. We also found
that the behavior of AVR is similar.
As described above, by simulating three models different gas accretion history
each other, we found that the history of gas accretion affects the physical state in
the galactic disk and different AVR is obtained. In our simulation, the AVR tends to
become flatter as the gas accretion rate decreases more gently.
This result suggests an interesting possibility that by constructing a model that
reproduces the observed AVR of particular galaxy, it is possible to put a constraint
on the history of gas accretion in that galaxy.
6.2 Comparison with Observations near the Sun
We compared the final state of the AVR of each model with that of the observation
near the sun. The red and blue solid lines in figure 6.1, 6.2 and 6.3 show radial and
vertical AVR at t = tend in our simulation. Black triangular and pentagonal points
are radial and vertical AVR obtained from the observed star selected from LAMOST
and GAIA (table 1 of Yu & Liu (2017)).
Among our three models, Model II is the most consistent with the observed AVR.
For the AVR in the radial direction, the velocity dispersion of younger age components
is larger than the observation. However, the inclination of AVR and the absolute
magnitude of velocity dispersion is broadly consistent with observation.
On the other hand, for Model I, the model velocity dispersion is larger than ob-
servation for almost all age ranges. For the oldest stars, the velocity dispersions are
similar to those in Model II, However the velocity dispersion of the simulation in the
low age part is larger due to the active star formation which continue until later stage
of the simulation than in the Model II.
In Model III, it is clear that the slope of the AVR in the simulation is much
steeper than that of the observation. This model differs from other models in that the
accretion of gas finishes at t = 0:5tend. Therefore, there is no reason to expect this
model to mimic the current Milky Way Galaxy at t = tend. (For other models, the
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Figure 6.1: Comparison of the simulated and observed AVR. The red and blue
solid lines are our simulated radial and vertical AVR at t = tend for
Model I. Black triangular and pentagonal points are radial and vertical
AVR obtained from recent observation (Yu & Liu, 2017).
Figure 6.2: Same as figure 6.2, but simulated AVR is that of Model II.
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Figure 6.3: Same as figure 6.1, but simulated AVR is that of Model III.
mass and scale radius of galactic disk become close to the current Milky Way values
at t = tend.) In fact, we can see that the slope of AVR is steep at t < tend from
figure 5.6. However, the velocity dispersion is overall larger. Therefore, the AVR at
another time is not consistent with the observed AVR. For the above reasons, it is
difficult to reproduce the observed AVR in the extreme gas accretion history like the
one assumed in Model III.
From the above results, it seems likely that the gas accretion rate of the Milky Way
galaxy gradually decreased from the past to the present. This trend is not inconsistent
with several previous studies.
6.3 Radial Migration
I did not mention the possible effect of the radial mixing of stars in this thesis, but
maybe we need to think about it. The spiral arms and bar structures in the disk
galaxy will cause radial migration by giving and depriving angular momentum to
the star rotating around the galactic center (Sellwood & Binney, 2002; Grand et al.,
2012b,a; Roškar et al., 2012; Baba et al., 2013; Aumer et al., 2017). In addition to the
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gravity scattering from the gas clumps, radial migration may also be included the as
source of increasing the velocity dispersion.
Especially in our model, the velocity dispersion in the most elderly part of each
AVR may be strongly affected by this effect. In our model, in order to reproduce
in-side-out growth of the disk, the gas accretion and star formation is made to start
from the inner disk. For this reason, older stars are more likely to be born closer to
the center of the galaxy than younger stars, which will be born in outer regions. For
example, in Model II, the star formation history near the sun (bottom panel of figure
5.8) shows that most stars near the Sun are formed after t > 3 Gyr. It is therefore
suggested that most stars in the current AVR that are older than 7 Gyr come from
inner regions by radial migration.
In fact, spiral arms and bar structures are also formed in our simulation. (See
figures in appendix A.) However, these structures do not always appear, but are
changing with time. As a remarkable example, the spiral arm structure is hardly seen
in the latter part of Model III. This is due to the fact that most stars are old and their
large velocity dispersions stabilize the disk component. (Sellwood & Carlberg, 1984).
Actually III it seems that there are young stars with small velocity dispersion as seen
in the AVR of Model III. However, since the star formation rate is small in the latter
half of the simulation, the proportion of such stars is very small. Stronger spirals are
generated when the star formation rate is higher and the number of young stars is
higher. Therefore, an increase in velocity dispersion due to radial mixing is expected
be more remarkable when the star formation is more activated. Fortunately, this trend
is similar to that of the gravitational scattering by gas clumps, and discussion of the
relationship between star formation history and AVR described in §6.1 will apply to
case when the effect of radial mixing is also included.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions
We performed three dimensional smoothed particle hydrodynamic and N -body sim-
ulations of the galactic disks. First, we considered disks as an isolated system in the
static combined disk-halo potentials in chapter 2 and 3. Second, we simulated the
model with different gas accretion history and investigated the effect of gas accretion
on AVR.
The results obtained in these simulations are summarized below.
1. For the case of a self-gravitating multi-phase gas disk with in a static disk-
halo potential, the exponents of the age dependence of the simulated AVR and
the ratio of the radial to vertical velocity dispersion show a value close to the
observed values. We found that the simulated AVR is not a simple consequence
of dynamical heating after the star formed. The AVR can be reproduced even if
the heating rate is smaller than the one inferred from the slope of the AVR. The
time evolution of the stellar velocity dispersion depends on the combination of
the initial velocity dispersion and the heating rate.
2. The evolutionary tracks of stars with different formation epochs move gradually
in the age-velocity dispersion plane as a result of: (1) the decrease in velocity dis-
persion in star forming regions, and (2) the decrease in the number of cold dense
gas as scattering sources. The zero-age velocity dispersion is strongly related
to the velocity dispersion in star forming regions and the slope of evolutionary
tracks of stars depends on the number of clumpy gas structures as scattering
sources. These results suggest that the AVR involves not only the heating his-
tory of a stellar disk, but also the historical evolution of the interstellar matter
in a galaxy.
66 Chapter 7. Conclusions and Future Work
3. By calculating AVR for three models with different gas accretion history and
comparing the results, we discussed the relation between the gas accretion his-
tory and the resulting AVR. We found that the difference of gas accretion his-
tory leads to different physical state in the galactic disk, which, in turn, leads
to different AVR. The AVR tends to become flatter as the gas accretion rate
decreases more gently with time. These results mean that difference of accretion
history may be resposible for the difference of AVR seen in the Local Group.
Specifically, Milky Way is argued to have a gas accretion rate which decreases
monotonically over 10 Gyr, by comparing the observed and simulated AVR.
4. We compared the final state of the AVR for three models with different gas
accretion with that of the observation near the sun. Among our three models,
Model II is the most consistent with the observed AVR.
7.2 Future Work
The GAIA era is approaching. The GAIA will provide information about the proper
motions of about one billion stars (Perryman et al., 2001). By combining it with other
observations, such as the RAVE (Steinmetz et al., 2006), APOGEE (Majewski et al.,
2016), SEGUE (Yanny et al., 2009), and Gaia-ESO survey (Gilmore et al., 2012), we
will be able to get the fine structure of the Milky Way Galaxy. Our model can be
tested by the results of this new generation of observations.
However, there is a large error in the age of the star due to the difficulty of its
measurement. Therefore, we are considering using metallicity as a proxy of age. As
the next step, we are planning to carry out simulations including Chemical Evolution
Library (CELib, Saitoh (2016, 2017)) and examine the chemo-dynamical evolution of
the Milky Way Galaxy.
On the other hand, as a development of the observation side, we hope that the
asteroseismic data will be obtained by K2 mission (Howell et al., 2014) and PLATO
2.0 mission (Rauer et al., 2014) in the future. The accuracy of determining the age of
stars will be increased by these data (Anders et al., 2017; Hekker, 2018).
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Appendix A
Snapshots
Figures A.1 to A.9 show the evolution of the face-on view of the simulated galaxies
with gas accretion: Model I, II, and III.
Figures A.1, A.2, and, A.3 show the evolution of stellar surface density for Model I,
II, and III. Figures A.4, A.5, and, A.6 show the evolution of gaseous density at z = 0
for Model I, II, and III. Figures A.7, A.8, and, A.9 show the evolution of V-band
luminosity for Model I, II, and III.
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Figure A.1: Time evolution of stellar surface dencity for Model I.
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Figure A.2: Same as figure A.1, but for Model II.
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Figure A.3: Same as figure A.1, but for Model III.
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Figure A.4: Same as figure A.1, but for gaseous density at the z = 0 plane.
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Figure A.5: Same as figure A.4, but for Model II.
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Figure A.6: Same as figure A.4, but for Model III.
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Figure A.7: Same as figure A.1, but for V-band luminosity.
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Figure A.8: Same as figure A.7, but for Model II.
76 Appendix A. Snapshots
Figure A.9: Same as figure A.7, but for Model III.
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